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Abstract— New environmental regulations and volatile fuel 
prices have resulted in an ever-increasing need for reduction 
in carbon emission and fuel consumption. Designs of marine 
and offshore vessels are more demanding with complex 
operating requirements and oil and gas exploration 
venturing into deeper waters and hasher environments. 
Combinations of these factors have led to the need to 
optimise the design of the hull for the marine and offshore 
industry. The contribution of this paper is threefold. Firstly, 
the paper provides a comprehensive review of the state-of-
the-art techniques in hull form design. Specifically, it 
analyses geometry modelling, shape transformation, 
optimisation and performance evaluation. Strengths and 
weaknesses of existing solutions are also discussed. 
Secondly, key challenges of hull form optimisation specific 
to the design of marine and offshore vessels are identified 
and analysed. Thirdly, future trends in performing hull 
form design optimisation are investigated and possible 
solutions proposed. A case study on the design optimisation 
of bulbous bow for passenger ferry vessel to reduce wave-
making resistance is presented using NAPA software. 
Lastly, main issues and challenges are discussed to stimulate 
further ideas on future developments in this area, including 
the use of parallel computing and machine intelligence. 
Keywords- Simulation-based hull form design 
optimisation; geometry modeling; shape transformation; 
performance evaluation; computational fluid dynamic (CFD) 
I.  INTRODUCTION  
Increasing environmental regulations and fuel price 
volatility are two top concerns faced by the marine and 
offshore industry today. As a consequence, eco-friendly 
shipping and fuel efficiency are now key design criteria 
for marine and offshore vessels. Furthermore, the need for 
bigger vessels and new operating conditions have pushed 
the frontiers of ship and offshore vessel design beyond 
conventional design boundaries.  For example, as oil and 
gas exploration ventures into deeper waters and hasher 
environment, the technical requirements for offshore 
structures and vessels operating in these environments 
also increases tremendously. The shape of the hull is 
tightly coupled to the efficiency of the vessel and has 
direct impact on its hydrodynamic performance. It is, 
therefore, a crucial aspect to optimise in order to achieve 
an overall improvement in vessel performance. Simulation 
based design (SBD) is widely used in engineering 
applications and is well-known to improve product 
performance and design efficiency [1].  
Computer-aided design (CAD) tools are commonly 
used in ship design firms and shipyards for modelling and 
hydrodynamic evaluation purposes. Simulation-based hull 
form optimisation, in this case, offers a potential solution 
to overcome the challenges faced in the design of marine 
and offshore vessels. This paper will hence focus on the 
state-of-the-art SBD for hull form optimisation. Section II 
provides an overview of related works in hull form design 
optimisation, which includes the key processes and 
techniques applied. Section III will identify the key 
challenges for each process and highlight the associated 
opportunities and key trends. Lastly, a case study of 
optimisation of passenger vessel bulbous bow for reduced 
resistance will be presented in section IV, followed by 
conclusions.   
II. RELATED WORK IN SIMULATION-BASED HULL 
FORM DESIGN OPTIMISATION 
In the marine and offshore vessel design space, SBD 
can be used to analyse and improve the hydrodynamic 
performance of vessels including reduction of resistance 
and better sea keeping capabilities. Traditional approach 
to vessel design and testing is a manual and laborious 
process with a long lead time that could take up to several 
months to complete. In addition, conventional model test 
is an expensive process with little tolerance for design 
error or modifications. Testing can only be done on a 
single design with minimal variations. A significant 
advantage of SBD over traditional methods is that it can 
help shorten the entire design cycle by an appreciable 
amount.  Prior to any physical model testing, SBD can be 
used to develop ‘sufficiently optimum’ initial designs 
virtually which can then be further refined afterwards. The 
hull form being the largest single component of the entire 
ship or floating structure exerts the most influence not 
only on hydrodynamic performance, but also production 
and subsequently operation of the vessel. It is therefore a 
crucial aspect to optimise in order to achieve maximum 
gain on the overall design of the vessel. SBD for 
performing hull form design and optimisation mainly 
comprises of 3 key processes namely geometry modelling 
and manipulation algorithms, optimiser and performance 
evaluations. These processes can be integrated into a 
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common framework for automated hull form optimisation 
as illustrated in Figure 1. 
 
Figure 1.  Simulation-based hull form design optimisation framework 
A. Geometry Modelling and Shape Transformation 
Geometry modelling of the hull form involves the 
generation of a geometric shape by first defining in 
points, followed by representing it using curves before 
transforming into surfaces. It is an important and integral 
part of hull form design optimisation and has been 
studied extensively. Key geometry modelling methods for 
hull form design optimisation includes Beizer curves, B-
splines and non-uniform rational B-splines (NURBS) [2]. 
Beizer curves are defined by a set of control points and 
are in many aspects similar to interpolation. Nonetheless, 
unlike the latter, it ‘stretches’ towards, rather than passing 
through the central control point [3]. B-splines method 
are developed based on hull form parameters and 
includes variations such as cubic B splines, fairness 
optimized B spline or F-splines [4], which helps to 
overcome the limitation to main algorithm. Due to its 
ability to accurately represent complex shapes with very 
small amount of definition data and the ease to 
manipulate control points, NURBS has become the ‘de-
facto’ algorithm for surface representation in hull form 
geometry design. 
After the initial geometry of the hull form is 
generated, geometry modification or shape 
transformation methods can then be applied to edit the 
initial curves and surfaces. In the area of shape 
transformation, much work has been reported in the 
literature. Lackenby [5] and 1-Cp are one of the earliest 
geometry modification methods in hull transformation. It 
translate the hull section longitudinally using simple 
calculation and uses simple scaling functions to deform 
the forward and aft section [6]. Another common method 
for shape transformation is parametric modelling [7]. By 
capturing the essence of the intended shapes and the 
possible variations, it offers better control over the shape 
to be optimised and can find improved solutions within a 
shorter timeframe [8]. A popular method for shape 
transformation of the hull form is Free-form deformation 
(FFD). Based on the principles of enclosing complex 
geometric shapes within simpler ones, it provides 
mapping to change the coordinate position of more 
complex shape [9]. In hull form design optimisation, it 
has been applied to transforming the hull design of 
catamaran [9] and navy vessel [10]. 
Geometry modelling and shape transformation are 
complex and delicate processes in hull form optimisation. 
This is particularly so when an optimal design has 
multiple objectives to satisfy. Variations to one parameter 
may improve the performance of one objective at the 
expense of another, and as a consequence compromise 
the overall performance of the design. For instance, 
reducing the input parameters or “control point’’ while 
consistently maintaining a smooth surface or ‘feasible 
design’ of the hull form are two seemingly conflicting 
objectives to achieve. It is therefore important to consider 
the optimisation process as part of the entire SBD 
framework. 
B. Optimisation 
Over the years, SBD has benefited greatly from the 
developments in optimisation algorithms as well as rapid 
advancements in computational resources. Suffice to say, 
there is no one-size-fits-all solution and depending on the 
objectives and application, the most appropriate 
optimisation algorithm will be used. In the area of hull 
form design, the main types of optimisation algorithms 
are gradient based, deterministic methods, heuristic 
methods and evolutionary methods. Gradient based 
methods such as Adjoint equations, Gauss Newton 
method [11], steepest descent, conjugate gradient [12] 
and Sequential Quadratic Programming (SQP) [13] have 
been applied to optimise the hull form of tankers, 
catamarans and container ship for improved efficiency 
[14-17].  
While these algorithms could be used to determine the 
characteristics of the search space, such as the extrema, 
they require information on the search gradient which 
may not always be available. As a result, the solutions 
found tend to be sub-optimal. This is particularly so for 
non-convex problems [1]. They are thus more suitable for 
local fine-tuning after the proximity of the global maxima 
or minima has been identified. Deterministic methods are 
another class of optimisation algorithm that have been 
applied to improve the design and performance of the 
ship hull. They include a Hill-climbing technique and 
Nelder and Mead or downhill simplex method [7]. In [18] 
and [19], heuristic methods such as fish shoal algorithm 
(FSA) and Simulated Annealing were applied to optimise 
the hull of catamaran for reduced resistance and global 
optimisation model for ship design respectively. 
Simulated annealing is a stochastic optimisation method 
 
which is capable of controlling the deterioration of object 
function so as to escape local minima [19].  
In more recent studies, evolutionary algorithms (EA) 
have become increasingly popular in hull form design 
optimisation. EA is a class of generic population-based 
metaheuristic global optimisation techniques [11]. 
Inspired and modelled closely after biological evolution, 
it uses mechanisms of selection, recombination and 
mutation to traverse the search space for fitter solutions. 
Unlike conventional optimisation algorithms, EA does 
not make any assumption of the underlying fitness 
landscape and scales well to higher dimensional 
problems, making them suitable for NP-complete 
problems [19]. In hull form design optimisation, 
commonly used EAs including Genetic Algorithm (GA) 
[11] and Particle swarm optimization (PSO) [11] have 
been applied to improve the hydrodynamic performance 
of ships [20-23]. 
C. Performance Evaluation 
Performance evaluation is an integral part of the SBD 
framework and key to ensure that solutions found are true 
global optima. It also provides a measure to weed out 
weaker solutions as the optimisation progresses. In the 
development of ship hull form, resistance is one of the 
most important performance parameters that need to be 
considered. Using linear potential code and 
Computational Fluid Dynamic (CFD), the evaluation of 
resistance can be carried out during the early stages of 
ship design. CFD is a popular tool for evaluating new hull 
form design. By solving field equations that describes the 
dynamics of fluid flow, CFD is able to provide accurate 
simulation of fluid flow [24]. CFD have also been used to 
assess the performance of vessels in terms of propulsion, 
seakeeping, maneuvering and propeller designs [25]. 
Prevalent performance evaluation methods include 
potential flow and Reynolds Averaged Navier-Strokes 
Equation (RANSE) [12, 26]. Potential flow is governed 
by Laplace equation and discretised using body surface 
and free surface panels [27]. It is a very useful algorithm, 
especially in the analysis of free surface flows [24]. 
RANSE are used to solve viscous fluid flows and able to 
represent complex free surfaces, which enables it to 
accurately evaluate total resistance, propulsion, 
appendages and added resistance. A key advantage of the 
RANSE methods is its ability to capture global and 
localised wave patterns as well as effects of viscosity at 
full scale [28]. Nonetheless, a common criticism of this 
method is the high computational resources and time 
needed to perform an evaluation. In addition, the quality 
of results obtained differs significantly depending on the 
settings, user’s experience and software provider [24].  
Despite the array of methods available, they are not 
widely adopted in the marine and offshore community. 
Crafting of new hull forms remains largely a tedious trial-
and-error process where most new designs are created 
through modifications of existing ones based on the 
designer’s experience. This, we believe, is primarily due 
to the lack of an integrated framework which is capable 
of (i) capturing designers’ experience and knowledge, (ii) 
translating them into effective problem representations, 
(iii) efficiently exploring the design search space for new, 
innovative and optimal design solutions. Key challenges 
and bottlenecks in SBD are discussed in detail in the next 
section. 
III. KEY CHALLENGES AND OPPORTUNITIES IN 
SIMULATION-BASED HULL FORM DESIGN OPTIMISATION 
Despite the benefits that SBD offers in hull form 
design optimisation, its take-up rate in the marine and 
offshore vessel design space remains limited. Recent 
developments in optimisation and performance evaluation 
techniques, coupled with advancements in high 
performance computing (HPC) have enabled simulation-
based design optimisation to be applied successfully in the 
design of marine and offshore vessels. The key challenges 
are discussed with potential gaps for improvements and 
their possible solutions highlighted as follow:  
A. Geometry Modelling and Shape Transformation 
Traditional CAD approach such as splines and 
NURBS do not work well for complex shapes - difficult to 
express in admissibility conditions (tangentially for 
complex shapes). This often results CAD failures and 
overestimating of the dimensionality of complex shapes 
[29]. In some cases, the mathematical definition can be 
manually manipulated. However, this is an extremely 
tedious and complex process of trial-and-error where 
individual vertices must be moved to achieve a smooth 
surface each time any modification is made [30]. While 
NURBS are most widely used in geometric modelling of 
ship hull form, they suffer drawbacks such as large 
quantity of control points and complications during 
surface fairing [1]. Furthermore, the resulting geometry is 
constrained in that designers are not able to adjust control 
points to achieve the desired shapes [31]. Therefore, there 
is a need for better geometry definition methods that 
allows design flexibility and can be representative enough 
for the selected optimiser and solvers to code and decode 
easily. One possible approach is by introducing a new 
spline-based design scheme, such as the partial shape 
preserving (PSP)-spine basis function [32] which can be 
used for preserving partial shape when blended with 
different existing designs.    
While most modification methods are fast to execute 
and effective in achieving a smooth hull form, their 
capacity to explore the search space for optimum design is 
often limited. As such, the shape to be transformed is 
limited and optimal results are not guaranteed. A more 
robust, shape manipulation method that can link 
seamlessly to the optimiser would therefore be an ideal 
solution to alleviate this limitation.  
B. Optimisation 
The major challenge for most hull form optimisation is 
the development of a fully automated optimisation process 
[33], where key processes such as geometry 
representation, shape variation and performance 
evaluation can be integrated in a seamless manner. 
Numerical solution usually varies from user and can 
produce errors arising from discretization [33]. A common 
problem in existing optimisation algorithm applied to hull 
form design is the lack of a robust and effective way to 
produce meaningful and feasible solutions [34].  This in 
part is due to the search mechanisms used. However, a 
larger issue lies in the lack of an effective and accurate 
mapping between the phenotype and genotype to 
accurately represent the problem. It is a crucial that a large 
solution set can be effectively represented.  
Whilst it is more accurate, direct solver are impractical 
and time consuming to be applied in hull form 
optimisation. Advance solvers such as heuristic solvers in 
this case can help to improve the efficiency drastically but 
they cannot guarantee to obtain the optimal solution [11]. 
Approximation techniques or surrogate model can also be 
used to improve the overall computational cost without 
over-compromising accuracy of optimisation solution. In 
performing hull form optimisation, some commonly used 
approximation techniques include Kriging method [35], 
artificial neural networks [36] and polynomial response 
surface methodology (RSM) [37]. Another promising 
approximation technique in hull shape optimisation is 
Karhunen-Lo`eve expansion (KLE), which can be used 
effectively to reduce design space dimension while 
allowing high degree of geometry modification [38]. 
Furthermore, although ship design is a multi-
disciplinary problem consisting of multiple design 
specifications, attention has been largely focused on 
solving it as a single objective problem [39].  
Unfortunately, real-world engineering applications 
encompass multi-parameters and disciplines, where 
improvement in one specific aspect could potentially 
worsen another [10]. To advance SBD tools, one needs to 
also consider multi-disciplinary design specifications such 
as fluid structure interaction or hydro-elasticity. 
C. Performance Evaluation 
Investigating ship hydrodynamics is practically 
challenging. This is due to the fact that computing viscous 
resistance requires very fine grids to be modelled around 
the ship hull [1]. CFD based RANSE method are effective 
in accurately predicting the fluid dynamics, however, are 
computationally expensive when applied in hull form 
optimisation. Advance HPC and parallel computing can 
be utilise in this case to reduce the time for performance 
evaluation using CFD significantly. Some RANSE solvers 
in this case, allow the computation to start from an 
arbitrary approximation. It helps to save computation time 
by leveraging on existing flow field approximation for 
subsequent computation while initial computation are in 
progress [28].    
Results obtained from potential flow or CFD may not 
be as accurate as compared to model testing, where 
unknown phenomenon can arise and missed out in the 
numeric calculation. However, recent advances in CFD 
had improved in accuracy tremendously and it definitely 
can provide some good indication during initial design 
stage and can be used to narrow down to few ‘optimum’ 
design before final model testing. 
D. Other Relevant Factors 
There are common skepticisms within ship design 
firms and shipyards on the use of optimisation and CFD 
procedures in the design process. This is partly due to the 
lack of expert knowledge on the concept behind the 
methods as well as sufficient training to use the tools. In 
some cases, this is directly link to the underlying 
mechanisms of the methods, for example, in ‘black-box’ 
or model-free approaches where users have little or no 
understanding of how results are obtained. Results 
obtained from hull form design optimisation can also vary 
widely depending on the designer’s experience and the 
algorithms used. In particular, for new or novel designs, 
unknown phenomenon may be neglected in the simulation 
resulting in erroneous designs. A potential solution to 
reduce the dependency and experience of designer here is 
to incorporate design knowledge extraction techniques 
such as data-mining techniques [37] or machine learning. 
When incorporated into hull form design framework, 
these techniques can help to acquire useful design 
knowledge about the hull form.  
There are many commercial software that offers good 
SBD solution but they have usually rigid system 
configuration that does not allow users to customise to 
their specific needs. As such, inter-portability of models 
between different software can be an issue and even if 
they are compatible, much effort is still needed to clean-up 
and modify the transferred models. An opportunity here is 
the development of hull surface design tool that enable 
data to be exchanged between different systems using 
commonly supported representation with high degree of 
accuracy [29].  
A SWOT analysis, summarising the aforementioned 
challenges and opportunities, is presented in Figure 2. 
(S) Strengths (W) Weaknesses 
- Formal hull form optimisation 
procedure instead of ad-hoc 
design improvement 
- More efficient and cost 
effective as compared to model 
testing 
- Improved performance with 
optimised hull form design 
 
- Development of fully automated 
loop still lacking 
- Current numerical methods 
cannot guarantee optimal solution 
- Computational expensive 
especially for CFD calculations 
- Existing state-of-art lack 
robustness and practicability 
(O) Opportunities (T) Threats 
- Advance computation 
methods such as approximation 
multi-disciplinary, data-mining, 
machine learning 
- Development of more 
automated and robust 
techniques to improve overall 
usablity and efficiency of hull 
form design optimisation   
- Accuracy of result depends 
greatly on designer experience 
and input 
- Unknown phenomenon for 
novel hull design  
- ‘Black-box’ function 
 
 
Figure 2.  SWOT analysis 
There is no doubt that both SBD and hull form 
optimisation has come a long way. Nonetheless, the above 
challenges would need to be adequately addressed before 
these techniques can be more widely accepted and 
implemented in the design of marine and offshore vessels. 
IV. CASE STUDY OF SIMULATION-BASED HULL FORM 
DESIGN OPTIMISATION 
To illustrate the application of SBD to hull form 
design optimisation, a case study of a 180 meters 
passenger ferry vessel was carried out using NAPA design 
solutions. The objective is to modify the shape of an 
existing bulbous bow design in order to improve the wave 
making resistance. Unlike conventional manual SBD 
method where hull form optimisation
individually and manually, purpose o
demonstrate the practicability and effi
automated hull form optimisation solut
the different processes into one common
such, this procedure was carried ou
function of NAPA and the steps are give
1) The vessel was first modelled
modelling tool. For shape transform
deformation (FFD) technique was sele
bow shape was modified simply by c
box and extending the length by 3 metr
direction (fig 3).  
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